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We carried out a high resolution three-dimensional magnetohydrodynamic (MHD) simulation of the interac-
tion between the solar wind and the Earth’s magnetosphere during a strong magnetic storm on October 21–22,
1999. The input to the simulation was from WIND solar wind observations. As the IMF is strongly south-
ward (−20 nT to −30 nT) for 6 hours, the geomagnetic ﬁeld lines in the dayside magnetopause are eroded to
the geosynchronous orbit (GEO) region by reconnection. The associated magnetic ﬂux is transferred from the
dayside magnetosphere to the tail. The reconnection region still appears near GEO region on the dayside magne-
topause, even though the IMF Bz component becomes small or northward, because of the inﬂuence of the strong
IMF By (30 nT). IMF lines can successively reconnect with the naked and large geomagnetic ﬁeld line in the
dayside ﬂank regions. Thus, the cross polar cap potential is maintained to be large value and convection in the
ionosphere is enhanced. The cross polar cap potential is governed by IMF By as well as Bz (φ ∼ 250 kV for Bz
∼ −20 nT and φ ∼ 300 kV for Bz ∼ −30 nT), and it saturates during the strong southward IMF. A large energy
ﬂux enters the ionosphere at very low latitudes (50◦) and the inner edge of the plasma sheet becomes very close
to the Earth (X = −3.2 RE ) for a strong magnetic storms. The open-closed boundary extends to 60◦ latitudes on
the nightside, 72◦ on the dayside, 62◦ on dawn, and 66◦ on dusk. Enhanced energy ﬂux appears at low latitudes
(50◦) on the nightside in simulation. Moreover, the energy ﬂux in the dusk region (19 MLT) appears down to 55◦
latitude in simulation, which is consistent with the low latitude boundary of the 0.02–20 keV particles detected
by TED of the NOAA-15. A convective electric ﬁeld, which is penetrating to the Earth-side of the NENL, is
almost comparable to that of the solar wind. The present MHD simulation study give reasonable results even for
extreme conditions and thereby its usefulness is demonstrated as a physical model for space weather studies.
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1. Introduction
Early simulations of the interaction between the solar
wind and the magnetosphere (Lyon et al., 1981; Brecht et
al., 1981; Ogino et al., 1985; Walker et al., 1993) were
applied to ideal cases in which the solar wind and the inter-
planetary magnetic ﬁeld (IMF) were constant.
In recent years, global MHD simulations have been used
to model magnetospheric events by using actual solar wind
observations as input. One of the ﬁrst of these global MHD
simulations was carried out by using the solar wind data for
a 1-hour period on October 19, 1986 (Fedder et al., 1995).
The solar wind velocity was high and almost constant with
660 km/s and IMF By and Bz were about −6 nT and −6 nT,
respectively, in that event. They showed that closed ﬁeld
lines in the northern dusk region extended to higher lati-
tudes due to the negative IMF By . In order to develop a
Global Geospace Circulation Model (GGCM), MHD simu-
lations were run for two time intervals on January 27, 1992
(1325–1715 UT and 1730–1930 UT) and were compared
with observations (Raeder et al., 1998; Lyons, 1998). The
IMF was northward on average, with a large By component
(By = −20 nT), and the dynamic pressure (Dp ∼ 4 nPa)
was about 2 to 3 times larger than normal. They found a
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good qualitative agreement between the simulated potential
patterns and those from the Assimilative Mapping of Iono-
spheric Electrodynamics (AMIE) empirical model.
Raeder et al. (2001) used a global model of Earth’s mag-
netosphere and ionosphere to simulate the Geospace En-
vironment Modeling (GEM) substorm challenge event on
November 24, 1996, and the simulation of a substorm tim-
ing was also studied by Slinker et al. (2001), Lyons et al.
(2001) and Ashour-Abdalla et al. (2002b). In this event,
northward IMF (∼ +5 nT) for ∼ 80 min, followed by a sud-
den rotation of the IMFsouthward (∼ −7 nT). The GEM
substorm challenge event provided them with a unique
opportunity to compare their model with observation and
to assess its validity with respect to substorm dynamics.
Ashour-Abdalla et al. (1999, 2002a) investigated a sub-
storm during a very active period on December 22, 1996
and found a good agreement between the onset time of the
substorm in their global MHD simulation and that inferred
from Polar observation images. Le et al. (2001) used a
simulation and data to investigate magnetospheric dynam-
ics during an extended period of strongly northward IMF
(20 nT) on April 11, 1997. They found that the location
of the reconnection layer was in agreement with the Polar
observations but the layer was much thinner than that pre-
dicted by the MHD simulation. Global MHD simulations
have been quite successful in reproducing overall magneto-
spheric dynamics. They usually reproduce the time changes
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that occur in the auroral ionosphere. However, there are a
few simulations with a high spatial resolution to quantita-
tively study the effects of a long time duration of strong
southward IMF for magnetic storms. How much energy are
transported from the solar wind through the magnetosphere
into the ionosphere during such an extreme condition, and
how is it transported? We also need to understand the mag-
netospheric phenomena such as the dayside reconnection
and potential saturation by the effects of large IMF Bz and
By component.
In this paper, we present the results of a strong mag-
netic storm event study by using a three-dimensional global
MHD model during which the IMF was strongly southward
for a long time. We chose an event on October 22, 1999
during which strong auroral electrojet and ring current dis-
turbances were observed. The dynamic pressure of solar
wind varied from 1.8 to 51.8 nPa and the IMF Bz was about
−31 nT for three hours. The Kp index was 8- during this
period and Dst reached −237 nT. In Section 2, we de-
scribe the MHD simulation model. In Section 3, we ex-
plain characteristic features of the events observations on
October 22. Simulation results are presented in Section 4
and the chronology of simulated substorms are explained in
Section 5. We discuss the results in comparison with obser-




We have solved the normalized resistive MHD and
Maxwell’s equations as an initial value problem by using a
modiﬁed version of the Leap-Frog scheme. The basic MHD
simulation model has been described in detail by Ogino et
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= −(V · ∇)P − γ P∇ · V + Dp∇2P, (3)
∂B
∂t
= ∇ × (V × B) + η∇2B, (4)
J = ∇ × (B − Bd) (5)
where ρ is the plasma density, V is the plasma ﬂow velocity,
P is the plasma pressure, B is the magnetic ﬁeld, Bd is the
dipole ﬁeld of Earth, J is the current density, g = −g0/ξ 3
(ξ 2 = x2 + y2 + z2, g0 = 1.35 × 10−6 (9.8 m/s2)) is the
force of gravity, μ∇2V is the viscosity, and γ is the ratio
of speciﬁc heats; γ = 5/3. η = η0(T/T0)−3/2 is the
resistivity, where T = P/ρ is the temperature, and T0 is
the ionospheric temperature. The model resistivity η0 is set
to 0.001 and the diffusion coefﬁcient is D = Dp = μ0 =
μ/ρsw = 0.001, where ρsw is the solar wind plasma density.
The magnetic Reynolds number is S = τη/τA = 100–2000
where τη ≡ 	x2/η, τA = 	x /VA, and 	x is the mesh size.
The normalized quantities in the basic equations are the
radius of the Earth, RE = 6.37×106 m, the Alfve´n transit
time, τA = RE /vA = 0.937 s, the density at the ionosphere,
ρs = mns (ns = 1010 m−3), the magnetic ﬁeld at one Earth
radius at the equator, Bs = 3.12×10−5 T, and the Alfve´n
velocity at the surface of the Earth, vA = Bs/(μ0ρs)1/2 =
6.80 × 106 m/s.
2.2 Boundary Conditions
We use a simulation box with dimensions of X1 ≤ X ≤
X0, 0 ≤ Y ≤ Y0, Z1 ≤ Z ≤ Z0, in Cartesian solar-
magnetospheric coordinates. For this simulation the bound-
aries are X0 = 30 RE , X1 = −120 RE , Y0 = 60 RE , and
−Z1 = Z0 = 60 RE . A mirror dipole ﬁeld is applied in
the solar wind at time t = 0 to take up the shape of the mag-
netopause. Watanabe and Sato (1990) have shown that this
initial condition helps assure that ∇ · B = 0 throughout the
simulation box. The Earth is located at the origin of the sim-
ulation box, r = (X, Y, Z) = (0 RE , 0 RE , 0 RE ) and the
solar wind ﬂows into the box in the X -direction through the
upstream boundary at X = X0. The number of grid points
is (nX , nY , nZ ) = (500, 200, 400) with a uniform grid spac-
ing of 	X = 0.3 RE . The following boundary conditions
are imposed for each physical quantity, φ = (ρ,V, P,B).
At the upstream boundary for X = X0, we use 1 minute
solar wind data acquired by the WIND satellite as input pa-
rameters (ρ, Vx , P, By, Bz) of the simulation. The IMF Bx
component is not used to keep a layered structure of the
IMF lines in the solar wind. The WIND parameters are
sampled at different times so we used linear interpolation to
calculate all of the parameters at the same time.
The simulation quantities are connected with the solar
wind quantity at each proper time step (32	 t) by introduc-
tion of a smooth function, where 	t is a time step. The in-
ternal quantity, φin, at the initial state in the ionosphere and
the external quantity of the simulated parameter, φex, are
connected at each time step by the introduction of a smooth
function, f
φ = f φex + (1 − f )φin,
where f ≡ a0h2/(a0h2 +1), a0 = 100, h = (ξ/ξa)2 −1 for
ξ ≥ ξa , and h = 0 for ξ < ξa . The smooth function damps
out all perturbations near the ionosphere including parallel
currents. Therefore the parallel currents do not close in the
ionosphere, rather they partly close in the smoothing region
above the ionospheric boundary. The internal ionospheric
boundary conditions are set by forcing a static equilibrium
at ξa = 2.5 RE . We reduce radius of the internal bound-
ary from our previous simulation to more accurately simu-
late inner magnetospheric dynamics during strong magnetic
storm events. The normalized MHD equations are solved as
an initial value problem under the boundary conditions by
using a modiﬁed version of the Leap-Frog method in or-
der to obtain quasi steady state magnetospheric conﬁgura-
tion. The simulation time step, 	t (=0.14 s), is given from
the numerical stability condition of the differential scheme,
V maxg
	t
	x < 1, where V
max
g is the maximum group velocity
in the simulation volume.
2.3 Magnetosphere-Ionosphere Relationship
The current-voltage relationship giving the interaction of
the solar wind with the magnetosphere and the ionosphere
was ﬁrst studied by Fedder and Lyon (1987). Generally,
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there are two methods to treat magnetosphere-ionosphere
coupling. In the ﬁrst method, the ﬁeld-aligned currents
(FACs), J‖, are mapped from inner boundary of the magne-
tosphere to the ionosphere along magnetic ﬁeld lines. The
equations giving the relationship between the parallel cur-
rent and the electric potential are given in (6–8) where φ is
the electric potential, 
 is the ionospheric conductance ten-
sor, and J‖ is the parallel current density. Equations (6), (7),
and (8) are used to calculate the velocity, V⊥, and electric
ﬁeld, E⊥, which are then mapped from the ionosphere back
to the magnetosphere.
J‖ = ∇ · 
 · ∇φ (6)
E⊥ = −∇φ (7)




 · E⊥ (9)
If 




Then incompressibility condition is automatically satisﬁed
as
∇ × E⊥ = 0
∇ · V⊥ = 0.
Equation (10) shows the relationship among J‖, 
, and φ.
φ and V⊥ are surely related to 
. If 
 double for constant
J‖, φ and V⊥ should be half. 
 can be fundamentally deter-
mined by the ionospheric parameter such as the density, the
temperature of the plasma, neutral gases, and the magnetic
ﬁeld.
In the second method, the magnetosphere and the iono-
sphere coupling process is handled by a reversing the pro-
cedure. Each velocity, V⊥, or electric ﬁeld, E⊥ (E⊥ =
−V⊥ × B), is mapped directly from the inner boundary of
the magnetosphere to the ionosphere along magnetic ﬁeld
lines, and then the parallel current density, J‖, is inversely
mapped from the ionosphere to the magnetosphere to cal-
culate a perturbation of the magnetic ﬁeld as follows,
E⊥ = −V⊥ × B (11)
J⊥ = 
 · E⊥ (12)
J‖ = −∇⊥ · 
 · E⊥ (13)
If E⊥ = −∇φ is assumed, the ionospheric potential and
the parallel current density are calculated by using the rela-
tionship ∇2φ = ∇ · (V⊥ × B) and J‖ = ∇ · 
 · ∇φ.
If a magnetic ﬂux function, ψ , is introduced in cylindrical
coordinate for simplicity, the following relation is given;
B = Z × ∇ψ, (14)
where Z is the unit vector in Z -direction. It can be calcu-
lated from the FACs, J‖, at the inner boundary of the mag-
netosphere as follows
∇2ψ = J‖. (15)
Therefore, the magnetic ﬁeld can be approximately ob-
tained from Eq. (14).
In this case, incompressibility was not assumed in (11).
Then the following conditions hold;
∇ × E⊥ 
= 0
∇ · V⊥ 
= 0,
in which the relationship of E⊥ = −∇φ is never assumed.
It is noted that the incompressibility condition is not re-
quired in the ionosphere for the second method. In this sim-
ulation, a constant Pedersen conductivity in the ionosphere
is assumed to be 7 S, which is obtained from the condition
that the potential peaks given by the two different methods
are the same.
3. Characteristic Features of October 21–22
Events
Figure 1 shows the auroral electrojet index (top panel)
and the magnetic storm disturbances index, Dst, (bottom
panel) for the October 21–22, 1999, storm. During this pe-
riod, the AL index had a double minimum: the ﬁrst min-
imum of −1357 nT occurred at 0104 UT and the second
minimum of −1992 nT was at 0431 UT. Dst reached a
minimum value of −237 nT at 0600-0700 UT.
WIND observations of the solar wind and the IMF are
shown in Fig. 2 for the period from 2300 UT on October
21 to 0800 UT on the next day. The time was shifted by
4∼6 min to account for the travel time from the WIND
observation (located at X ∼ 29 RE ) to the Earth. The
Figure shows, from top to bottom, IMF Bz , By , dynamic
pressure (Dp), velocity (Vx ), and the number density. The
IMF Bz was southward (−20 to −30 nT) for ∼6 hours.
The IMF By was dawnward until 0540 UT, when it turned
duskward, reaching ∼30 nT. There were two peaks in
the solar wind dynamic pressure, the second peak reached
∼52 nPa at 0716 UT. ¿From these solar wind and the IMF
variations, it was expected that the strong storm event could
be generated by strong southward IMF for a long duration
and by increased of the solar wind dynamic pressure.
4. Simulation Results
Figure 3 shows the time evolution of the electric potential
from the simulation, where φ(+), φ(−), and φ(+) − φ(−)
are the maximum, the minimum and cross polar cap poten-
tial respectively, and shaded portions of A, B and C indicate
the times highlighted in Fig. 2. A few minutes after the ar-
rival of the southward (Bz ∼−20 nT) from 2348 UT in the
state of northward IMF, the cross polar cap potential de-
creases once at 2359 UT by convection reversal and then
increases by nearly 240 kV. It remains nearly constant un-
til after the second decrease in Bz (∼−30 nT) at 0316 UT.
After that, it increases gradually to ∼300 kV. Lui et al.
(2001) showed that the polar cap potential increased dur-
ing and preceding the initial interval of an enhancement of
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Fig. 1. Time variations of the AU, AL indices (top) and Dst index
(bottom). The AL index had a minimum of −1992 nT at 0431 UT and
the Dst index was a minimum of −237 nT at 0600-0700 UT.
Energetic Neutral Atom (ENA) ﬂuxes, indicating that en-
hanced convection contributes to the ring current buildup in
this time. The cross polar cap potential remains to be large
even though southward (Bz ∼−8 nT) increases at 0650 UT
and then turns northward (Bz ∼ 2 nT) at 0720 UT. The
potential increases to about 330 kV at 0650 UT and then
decreases to ∼250 kV at 0716 UT. A spike of potential at
0720 UT is closely associated with a large spike in the solar
wind dynamic pressure at 0716 UT. Note that the polar cap
potential stays very high even when the IMF Bz increases
and becomes northward for interval C.
Figure 4 shows the time evolution of the plasma pressure
proﬁle, P along the Sun-Earth line. The Earth is located at
the origin, and the position of GEO (±6.6 RE ) is shown by
a dotted line. Strong earthward plasma ﬂow appears from
0018 UT in the tail and is accompanied by enhanced mag-
netic ﬂux transport. The inner edge of the plasma sheet
can be seen by the sharp nightside gradient in plasma pres-
sure. It is inside of GEO during this event. Both the bow
shock and the magnetopause move in response to the dy-
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Fig. 2. WIND observations of the solar wind and the IMF from 2300 UT
on October 21 to 0800 UT on October 22, 1999. From top to bottom,
IMF Bz and By in GSM coordinates, the dynamic pressure, Dp, velocity
in GSM coordinates, and the number density. A strong southward IMF
(Bz = −20 to −30 nT) with a duration of∼ 6 hours was observed during
this period. Moreover, the dynamic pressure of solar wind is in the range
from 1.8 to 51.8 nPa.
earthward to about 11.5 RE , and the magnetopause shifts to
X = 7.2 RE from the Earth when the initial pressure waves
hits the magnetosphere at 2315 UT. They again move to-
ward the Earth when the IMF turns southward at 2348 UT.
The inner edge of the plasma sheet moves to X = −5.5 RE
following the southward turning.
By 0104 UT when AL reaches −1357 nT, the bow shock
approached X = 9.7 RE , while the magnetopause shifts
to X = 6.5 RE , at this time the inner edge of the plasma
sheet reaches up to X = −3.2 RE . Since X = −3.2 RE
is very close to the inner boundary of the simulation box,
|X | = 2.5 RE , the inner edge might be much closer to the
Earth in reality. At the second AL minimum (−1992 nT
at 0431 UT), the bow shock moves out to X = 14.4 RE ,
and the magnetopause shifts to X = 7.7 RE but the inner
edge of the plasma sheet stays close to X = −3.2 RE .
Finally, when the second large pressure increase reaches
the Earth (between 0600 and 0700 UT), the bow shock and
magnetopause move toward the Earth to X = 8.3 RE and X
= 5.4 RE , respectively. The inner edge of the plasma sheet
stays close to X = −3.2 RE .
The position of the magnetopause is calculated by using
the Shue’s model (Shue et al., 2000) and is plotted as the
thick black and red (Bz = 0 nT) lines in Fig. 4. The red line
depends only on the solar wind dynamic pressure. When
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Fig. 3. Time evolution of the polar cap potential produced by the simula-
tion. φ(+), φ(−) and φ(+)−φ(−) are the maximum, the minimum and
the cross polar cap potential respectively. The shaded portions indicate
characteristic times during this storm event. The cross polar cap poten-
tial reaches ∼ 300 kV during the interval from 2300 UT on October 21
to 0800 UT on October 22, 1999.
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Fig. 4. Time evolution of the plasma pressure proﬁle along the Sun-Earth
line. The Earth is located at the origin, the position of GEO located at
±6.6 RE is shown by dotted lines. Positions of the magnetopause by
the Shue et al. (2000) are plotted as the thick black (Bz 
= 0) and red
(Bz = 0) lines.
the IMF Bz component is non-zero, the magnetopause shifts






















Fig. 5. Time evolution of electric ﬁeld (Ey ) along the Sun-Earth line. The
red colors give positive or dawn to dusk electric ﬁeld (Ey > 0) and the
blue colors give negative or dusk to dawn electric ﬁeld (Ey < 0).
zero Bz . The difference could come from the effect of the
strong southward IMF. There is good agreement between
the position of the simulated magnetopause and that of the
Shue’s magnetopause model (black line). However, the po-
sition of the simulated magnetopause shifts more earthward
after 0640 UT. This additional erosion is attributable to the
dayside reconnection for the strong IMF By component.
Figure 5 shows the time evolution of the electric ﬁeld,
Ey = Vx×Bz , on the Sun-Earth line from 2300 UT on Oc-
tober 21 to 0800 UT on October 22. The red color indicates
positive values of Ey (dawn to dusk) and the blue color in-
dicates negative values. A near-Earth neutral line (NENL)
appears around X = −10 RE as a gap between two en-
hanced regions of Ey in the tail. A high dawn to dusk elec-
tric ﬁeld appears after 0015 UT on the nightside because
of the strong southward IMF (Bz = −23 nT at 0015 UT).
This is 49 minutes before the time when the ﬁrst electro-
jet minimum is reached at 0104 UT. The duskward electric
ﬁeld is enhanced at 0335 UT and penetrates inside GEO
after the arrival of a more southward IMF Bz at 0316 UT.
Then 51 minutes later, the second electrojet minimum oc-
curs (−1992 nT at 0431 UT). Ey becomes very large at
0640 UT on the nightside, in response to the IMF Bz mini-
mum (−31 nT) at 0556 UT. Dst reaches its minimum value
of −237 nT between 0600 and 0700 UT and the IMF By is
maximum (31 nT) at 0631 UT. The high duskward electric
ﬁeld, Ey , is maintained on the nightside even though IMF
Bz has near zero value. IMF By is duskward with a large
value of 21 nT at 0718 UT.
When Ey is 6.5 × 10−3 V/m (Vx = −466 km/s, Bz =
−14 nT) in the solar wind at 0104 UT, the convective elec-
tric ﬁeld becomes comparable to the solar wind electric ﬁeld
for −10 RE < X < −3 RE in the Earth-side region (inner
plasma sheet) of NENL; it is 37% of solar wind electric
ﬁeld for X < −10 RE in the tail-side region (outer plasma
sheet). It becomes over 50% in the inner plasma sheet and











































Fig. 6. Simulation results showing the kinetic energy at 0540 UT (top panel) and at 0640 UT (bottom panel). On the left, the upper (lower) half shows









Fig. 7. Conﬁguration of the magnetic ﬁeld line and the plasma temperature from the MHD simulation at 0540 UT (top panels) and 0640 UT (bottom
panels) shown from duskside (left) and tail-duskside (right). Closed ﬁeld lines that connect to the Earth in both directions are blue; open ﬁeld lines
that connect to the ionosphere at one end and to the distant IMF at the other are dark blue. Red ﬁeld lines are not connected to the Earth at all. The
plasma temperature is shown by three-dimensional iso-surface only on the dawnside, and the color scale shows green-yellow-red going from low to
high temperatures.





































Fig. 8. (a) (left) Convection pattern and energy ﬂux, and (right) polar-cap potential mapped onto the ionosphere obtained by the MHD simulation. The
bottom panel (b) is the downward electron energy ﬂux at energies of 0.02−20 keV observed by the TED instrument from the NOAA-15 satellite.
is almost 20% in the outer plasma sheet while the IMF Bz is
strongly southward for 0330−0540 UT. At 0600−0800 UT,
Ey increases between 90% and 200% in the inner plasma
sheet due to compression caused by the strong increase of
the solar wind dynamic pressure. Thus a convective electric
ﬁeld, which is almost comparable to (or over) that of the
solar wind, can penetrate in to the Earth-side of NENL.
Figure 6 shows the kinetic energy (K = 12ρV 2) from the
simulation (a) at 0540 UT and (b) at 0640 UT. In the left
panel, the values in the noon-midnight meridian are plotted
on the upper half (X Z ) while equatorial values are found on
the lower half (XY ). The right hand panels are cross sec-
tions of the plasma sheet at X = −6.6 RE . We see the loca-
tions of the bow shock and the magnetopause in the kinetic
energy at the dayside magnetosphere. In the top left the
panel, stream-like structure of higher kinetic energy (just
below the magnetopause) extends from the cusp toward the
mantle. The panel also shows strong tailward plasma ﬂow
in the plasma sheet. In the bottom panel (0640 UT), the bow
shock and the magnetopause are located closer to the Earth
than in the top panel, the whole magnetosphere is com-
pressed by a strong increase of solar wind dynamic pres-
sure. A large amount of the plasma ﬂows tailward over a
wide region of the plasma sheet.
Figure 7 shows a three-dimensional view of the magneto-
sphere at two characteristic times. The conﬁguration of the
magnetic ﬁeld lines and the plasma temperature is shown
at 0540 UT (a) and 0640 UT (b). The plasma temperature
is shown by 3-D iso-surface only on the dawnside and the
color scale is green-yellow-red going from low to high tem-
perature. Closed ﬁeld lines that connect to the Earth in both
ends are blue, open ﬁeld lines that connect to the ionosphere
at one end and to the distant IMF at the other are dark blue,
and detached ﬁeld lines (IMF) that do not connect to the
Earth at all are red. As shown in Fig. 2, at 0540 UT, the IMF
is strongly southward with a smaller dawnward By compo-
nent (Bz = −31 nT and By = −1.7 nT). At 0640 UT, the
IMF Bz is one-third of its former value, and there is a large
duskward By component (Bz = −12 nT and By = 31 nT).
The dayside reconnection can be seen at X = 7.5 RE , and
tail reconnection can be found at X = −8.8 RE in Fig. 7(a).
The dayside reconnection occurs near the GEO region at
high-latitudes and tail reconnection is about X = −10 RE
in Fig. 7(b). The region is veriﬁed from the Bz proﬁle along
Sun-Earth line. It should be noted that a sharp transition
from dipole-like to tail-like magnetospheric conﬁgurations
occurs near the GEO region in the tail.
Figure 8(a) shows the ionospheric convection/energy ﬂux
and the potential mapped onto the polar region. The phys-
ical quantities are mapped onto the ionosphere along the





B dl, where f stands
for each of the physical quantities and B is the magnitude
of magnetic ﬁeld. Figure 8(b) shows the observation of the
energetic electron data from the NOAA-15. Bottom panel
is the downward electron energy ﬂux from 20 eV to 20 keV
from the TED instrument. Details of Total Energy Detec-
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Table 1. Response of the Earth’s magnetosphere to variations of the solar wind and the IMF. Where BS means the bow shock, MP the magnetopause,
PS the inner boundary of plasma sheet, PCP the cross polar cap potential and Dp the dynamic pressure.
Time (UT) Observation Simulation results
2300 Northward IMF Bz , Four-cell convection pattern
↑ 2348 IMF Bz turns N→S BS: 11.5 RE , MP: 7.2 RE , PS: −5.5 RE
2355 Two-cell convection pattern, PCP minimum
0010 PCP increase ∼250 kV (to 0330 UT)
A 0012 Onset of tail reconnection
0015 Duskward Ey increases (7.3 RE )
↓ 0018 Fast plasma ﬂow in tail, BS: 9.5 RE , MP: 6.4 RE , PS: −5.2 RE
0040 PS appears ∼3 RE
0104 AL minimum (−1357 nT)
↑ 0316 IMF Bz = −20 nT→−30 nT BS: 12.5 RE , MP: 7.8 RE . PS: −3.2 RE
B 0326 BS moves out 11.4 RE (to 6:30 UT)
↓ 0335 Duskward Ey increase
0431 AL minimum (-1992 nT) BS: 14.4 RE , MP: 7.7 RE , PS: −3.2 RE
↑ 0546 IMF By dusk → dawn
0556 IMF Bz = −31.5 nT
0600 Dst = −237 nT (6–7 UT),
Dusk proton ﬂux (L = 3)
BS: 8.3 RE , MP: 5.4 RE , PS: −3.2 RE
C 0631 IMF By = 31.2 nT
0640 PCP reaches ∼300 kV, Energy ﬂux extends at 50◦
latitude, Duskward Ey increases (7.6 RE )
0716 Dp = 51.8 nPa
↓ 0720 Duskward Ey increases (7.3 RE )
tor (TED) and Medium Energy Proton and Electron Detec-
tor (MEPED) are described in Evans and Greer (2000). It
should be noted that 1 erg/cm2 sec str could be proxy for
visible aurora (Yahnin et al., 1997). By 0640 UT, the cross
polar cap potential is already increased (Fig. 3), indicating
that the convection is enhanced in the ionosphere.
The ﬂow in the throat region (near noon) is poleward
on the dayside in the top left panel, and the region of en-
hanced energy ﬂux on the dayside is conﬁned in the cusp
region. Enhanced nightside energy ﬂux extends as low
as 50◦ latitude in simulation. At 19 magnetic local time
(MLT), the energy ﬂux appears at 55◦ latitude in simula-
tion (Fig. 8(a)), consistent with the low latitude, 52◦ of the
TED in observation of the NOAA-15 (Fig. 8(b)). On the
right of Fig. 8(a), the red contour indicates positive po-
tential and blue contour indicates negative potential. The
positive potential peak moves tailward in comparison with
negative potential due to the large positive By component.
The green lines delimit the open-closed ﬁeld boundary. The
open-closed boundary extends at 60◦ on the nightside, 72◦
on the dayside, 62◦ on dawn, and 66◦ on dusk. The 66◦ lat-
itude of the open-closed boundary at 17 MLT is consistent
with the high-latitude boundary of the TED ﬂux enhance-
ment region, which should correspond to the high-latitude
boundary of the auroral oval.
5. Chronology of the Magnetic Storm
We divide these simulation results into three characteris-
tic time intervals: when Bz turns from northward to south-
ward, when Bz becomes more southward, and when Bz
turns from southward to northward. The three characteristic
intervals correspond to the shaded portions of A, B, and C
in Figs. 2 and 3. The storm event timings are summarized
in Table 1.
5.1 Interval A: IMF Bz turns from northward to south-
ward (2330-0020 UT)
When the IMF turns from northward to southward at
2348 UT, the initial four-cell convection pattern in the po-
lar ionosphere gradually changes to a two-cell convection
pattern. The cross polar cap potential increases up to 300
kV and the convective ﬂow increases on the dayside. Fast
plasma ﬂow is generated in the plasma sheet just 6 minutes
after the onset of tail reconnection at 0018 UT. In this time,
the Alfve´n Mach number, MA = Vsw/VA = 8.47, and the
bow shock moves to X = 9.5 RE , while the magnetopause
shifts to X = 6.4 RE and the inner edge of the plasma sheet
moves to the Earth to X = −5.2 RE .
5.2 Interval B: IMF Bz becomes more southward
(0300-0340 UT)
When the IMF Bz becomes more southward from −11
to −26.8 nT at 0316 UT, Ey increases on the nightside at
0335 UT; in addition, the cross polar cap potential increases
from 250 to 300 kV. The energy ﬂux in the ionosphere de-








































Fig. 9. (a) L value with time diagram for the proton ﬂux, represented
by the color code.The trapped proton ﬂux is observed in the duskside.
The red line is location of the plasmapause, while the black line is the
reference line to represent the variation of the convection limit. (b) Kp
and (c) Dst indices are represented on the lower two panels.
creases in the dayside region because the dynamic pressure
of the solar wind decreases. Due to the effect of the de-
creases in pressure and the low Mach number (MA = 2.42),
the bow shock moves out to X = 14.4 RE , while the mag-
netopause shifts to X = 7.7 RE and the inner edge of the
plasma sheet close to X = −3.2 RE .
5.3 Interval C: IMF Bz turns from southward to north-
ward (0540−0720 UT)
During this interval, IMF Bz is still strongly southward
(∼−30 nT) until 0630 UT, and then IMF Bz becomes more
northward. The IMF By is a large positive value and the dy-
namic pressure increases, the energy ﬂux in the ionosphere
increases on the dayside and the cross polar cap potential
remains constant at a high value of 300 kV. The duskward
electric ﬁeld increases on the nightside from 0640 UT. The
bow shock approaches to X = 8.3 RE , while the magne-
topause shifts to X = 5.4 RE and the inner edge of the
plasma sheet stays at X = −3.2 RE .
6. Discussion
In this paper, we have studied the response of the Earth’s
magnetosphere to variations in the solar wind and the IMF.
The strong magnetic storm event of October 21 and 22
could be well represented even in the near-Earth magne-
totail region by this simulation.
The cross polar cap potential increases and reaches a
maximum at 0010 UT, 16 minutes after the IMF turns from
northward to southward. The response of the magneto-
sphere takes a short time from variations of the solar wind.
The time is considered to be 4–6 min to allow for the prop-
agation of the solar wind from the WIND position to the
Earth. Note that the substorm occurs in the tail accompa-
nied with a strong earthward ﬂow, caused by the enhanced
convection (duskward Ey increases) due to the tail recon-
nection.
Figure 9 shows the L value-time spectrogram for 30–80
keV proton ﬂux from the MEPED instrument the NOAA-
15. This energy has been considered as the main part of
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Fig. 10. Comparison between the cross polar cap potential pattern from the
MHD simulation and that inferred from the SuperDARN observations.
side is in panel (a). The Kp (b) and Dst (c) indices are rep-
resented on the lower two panels. The red line is the loca-
tion of the plasmapause evaluated from the empirical rela-
tion as a function of the Kp index by O’Brien and Moldwin
(2003). The black is also derived from the same relation-
ship, but the reﬁlling time of plasmasphere is not consid-
ered. Thus, it is supposed that the black line can be a proxy
for activity of magnetospheric convection. The proton ﬂux
enhancement is observed when the magnetic storm at lower
L value, L < 3, in the NOAA-15 data. This implies that
the inner boundary of the plasma sheet moves toward the
Earth concurrently with the convection enhancement, and
such movement of the plasma sheet can be clearly seen in
our simulation (cf. Fig. 4).
We also have compared our simulation results of the
polar cap potential with the SuperDARN observations in
Fig. 10. The simulated cross polar cap potential is ∼3−4
times larger than that inferred from the SuperDARN ob-
servations. However the characteristic timings of the
increase and decrease in the potential are similar from
1200−2100 UT on October 21. The second method in Sec-
tion 2.3 that we use to obtain the polar cap potential, in
principle, does not depend on the ionospheric conductivity
because the feedback effect is neglected. It is noted that
the cross polar cap potential obtained gives the maximum
generated by the inner magnetospheric convection. There-
fore, the polar cap potential in reality can be less than that
given in the present simulation. The polar cap potential de-
pends on the ionospheric conductivity due to the feedback
effect. The difference of magnitude of the polar cap poten-
tial needs further study comparing the two methods to give
the magnetosphere-ionosphere relationship.
Both the cross polar cap potential in the simulation and
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the SuperDARN observation increased just after the IMF Bz
turned from northward to southward at 2348 UT. The simu-
lated cross polar cap potential reached 300 kV, whereas the
SuperDARN observations give only about 68 kV. The polar
cap potential in simulation is almost constant with 250 kV
during the strong southward IMF Bz (−20 nT) for 3 hours
at 0100-0300 UT. Then it increases from 250 to 300 kV
when the IMF Bz is more southward from −20 to −30 nT
at 0300-0600 UT. The time variation is similar to that of
the PC index (e.g., Troshichev et al., 1996). On the other
hand, the potential shown from SuperDARN observations
quickly decreases from 0015 UT on October 22 and then
it did not increase so strongly at 0300−0600 UT on Octo-
ber 22. This result comes from the increased ionospheric
conductivity due to the enhanced of the magnetospheric
convection and the ﬁeld-aligned currents. The dense par-
ticle precipitation in the nightside (e.g., DMSP data) leads
to the increase in ionospheric conductivity, and the poten-
tial is sensitive to the conductance (Richmond et al., 1988;
Richmond, 1992). Thus the polar cap potential of the Su-
perDARN quickly decreases. Moreover, the SuperDARN
potential is not so much increased for the strong southward
IMF Bz (∼−30 nT), partly because of insufﬁcient data cov-
erage during the strong magnetic storm period.
The cross polar cap potential saturates for a strong Bz
component. Siscoe et al. (2002) proposed that the saturation
of the polar cap potential originated from the ionospheric
conductivity and region 1 current limitation by ram pres-
sure. Merkine et al. (2003) showed, by using global MHD
modeling, that the potential saturated as the solar wind
electric ﬁeld increased, and that the saturation level was
strongly affected by the ionospheric conductance. However,
the saturation mechanism (Interval B) in this event study is
independent of the ionospheric conductivity, suggesting an-
other possibility of the saturation mechanism. The mecha-
nism may be connected to a relative reduction of the day-
side magnetic reconnection rate. We ﬁnd in our simulation
that the reconnected open ﬁeld lines at the dayside mag-
netopause is almost parallel to the IMF. The reconnected
ﬁeld line are not fully carried away from the reconnection
region due to very strong southward IMF and normal solar
wind speed. Therefore, the reconnection rate does not re-
markably increase even though IMF Bz decreases down to
−30 nT.
The cross polar cap potential in the simulation is main-
tained at a large value even when the IMF Bz becomes
less negative or even positive. This is caused by the large
IMF By at this time (Fig. 2), and the IMF lines can di-
rectly approach reconnection regions at the dayside mag-
netopause close to the Earth. The dayside reconnection oc-
curs at high latitudes in the northern dusk sector close to
the GEO with naked geomagnetic ﬁeld lines because of the
large duskward IMF By component at 0640 UT. Therefore,
the convection enhancement in the ionosphere appears and
leads to a large value of the cross polar cap potential.
7. Conclusions
We have used a three-dimensional global MHD model to
simulate the interaction of the solar wind with the Earth’s
magnetosphere to study a strong magnetic storm on Octo-
ber 21–22, 1999, when the IMF was strongly southward
(Bz = −20 to −30 nT) for ∼6 hours. The dynamic pressure
of the solar wind was in the range 1.8−51.8 nPa during this
period. The simulation reproduced the time evolution of
the cross polar cap potential, the kinetic energy, the plasma
pressure, Ey , and the locations of the bow shock, the mag-
netopause, and the inner edge of plasma sheet in this event.
The following conclusions can be obtained from the
present simulation:
1) As the IMF is strongly southward (−20 nT to −30 nT)
for 6 hours, the geomagnetic ﬁeld lines in the day-
side magnetopause are eroded to the GEO region by
reconnection. Moreover, the associated magnetic ﬂux
is transferred from the dayside magnetosphere to the
tail. Reconnection still occurs near the GEO region
on the dayside magnetopause (Fig. 7(b)), even though
the IMF Bz component becomes small or even turns to
northward, because of the inﬂuence of the following
a strong IMF By (30 nT). During the large By inter-
val, the IMF lines can reconnect the naked geomag-
netic ﬁeld with a large magnitude in the high-latitude
ﬂanks. Thus the cross polar cap potential is maintained
at a large value and the convection in the ionosphere is
enhanced. The cross polar cap potential is governed by
IMF By as well as Bz components. It saturates for the
strong southward IMF (φ ∼ 250 kV for Bz ∼ −20 nT
and φ ∼ 300 kV for Bz ∼ −30 nT). Potential satura-
tion may be connected to relative reduction of the day-
side magnetic reconnection rate. We ﬁnd in our simu-
lation that the reconnected open ﬁeld lines at the day-
side magnetopause are almost parallel to the IMF. The
reconnected ﬁeld lines are not fully carried away from
the reconnection region for very strong southward IMF
and normal solar wind speed. Therefore, the recon-
nection rate does not increase remarkably, even though
IMF Bz decreases down to −30 nT.
2) The dynamic pressure of the solar wind shows a spiky
peak for a short interval (about 10 minutes), however
it has a rather small effect on the cross polar cap po-
tential increases as both the absolute values of IMF By
and IMF Bz are gradually decreasing at that time. En-
hanced energy ﬂux appears at low latitude (50◦) on the
nightside in simulation. The energy ﬂux in the region
19 MLT, appears down to a 55◦ latitude in simulation
and is consistent with the low latitudes, 52◦ of the ener-
getic electrons from the NOAA-15 satellite. The open-
closed boundary extends to lower latitudes at 60◦ on
the nightside, 72◦ on the dayside, 62◦ on dawn, and
66◦ on dusk. The 66◦ latitude on dusk from the simu-
lation is consistent with the high-latitude boundary of
TED ﬂux enhancement region.
3) The initial plasma pressure change leads to a strong
earthward ﬂow at 0040 UT in the simulation. This is
the start of a substorm and is consistent with the de-
crease in the AL index, corresponding to the develop-
ment of auroral electrojet current (Fig. 1).
4) During the storm main phase, the bow shock ap-
proaches X = 8.3 RE , while the magnetopause shifts
to X = 5.4 RE and the inner edge of the plasma sheet
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close to −3.2 RE at the time when the dynamic pres-
sure of the solar wind reaches its maximum value at
∼0700 UT. At the same time, Ey increases by 90–
200% in the inner plasma sheet due to compression by
the strong increase of the solar wind dynamic pressure.
The convective electric ﬁeld, which is almost compara-
ble to (or larger than) that of the solar wind, penetrates
into the Earth-side of NENL.
We have obtained the magnetospheric conﬁguration and
dynamics for a event study of a strong magnetic storm. The
large energy ﬂux enters the ionosphere at very low latitudes
and the inner edge of the plasma sheet becomes very close
to the Earth for a strong magnetic storm. These results are
consistent with the observation data. The present MHD
simulation study gave reasonable results in near-Earth mag-
netotail dynamics even for extreme conditions and thereby
its usefulness could be demonstrated as a physical model
for space weather studies.
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